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Abstract 
We report the effect of 320 MeV Au irradiation in (Ba0.6K0.4)Fe2As2 single crystals including its dose dependence. 
We found that the suppression of Tc is weak up to a certain level of irradiation in agreement with the previous report. 
Critical current density (Jc) is strongly enhanced by the introduction of defects up to 15 MA/cm2 at 2 K under self-
field, which is 10 times larger than the pristine crystal. The field dependence of Jc changes from H-0.5 to H-1, which 
indicates that columnar defects are effectively introduced in the crystal by the irradiation. 
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1. Introduction 
After the discovery of the iron-based superconductor (IBS) in 2008 [1], numerous research works have been 
performed to understand the mechanism of superconductivity. On the other hand, because of their large critical 
current densities (Jc) at high magnetic fields and temperatures, they have been investigated targeting at the practical 
applications. Jc in superconductors can be further enhanced by introducing defects using swift-particle irradiations. 
Remarkable effects have been demonstrated in high temperature superconductors using protons [2] and heavy ions 
[3]. We have reported irradiation effects of heavy-ions [4-6] and protons [7] into Co-doped Ba-122 single crystals. 
In these reports, we irradiated heavy-ions such as 200 MeV Au, 800 MeV Xe, and 2.6 GeV U to create columnar 
defects, which have excellent geometrical matching with vortices, and are expected to be ideal pinning centers. 
Actually, 200 MeV Au at a dose-equivalent matching field of 20 kG enhanced Jc by a factor of six even at low  
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temperatures [4]. Recently, another promising IBS (Ba,K)Fe2As2 has started to attract interest. By irradiating 1.4 
GeV Pb at B) = 210 kG, Jc enhancement up to 5x106 A/cm2 has been reported [8]. The same group combine the 
columnar defects by 1.4 GeV Pb and point defects by 4MeV protons and achieve even larger Jc [9]. 
In this paper, we investigated the effect of 320 MeV Au irradiation into optimally K-doped Ba-122 single crystal, 
(Ba0.6K0.4)Fe2As2, with Tc ~ 38 K. Change in Tc and Jc are systematically studied as function of the irradiation dose. 
2. Experimental 
 Single crystals of optimally K-doped BaFe2As2 were synthesized by FeAs self-flux method. The K concentration 
was determined by EDX measurements. 320 Me V Au ions were irradiated along the c-axis of the single crystals by 
using the tandem accelerator in JAEA. Crystals with thickness ~10 Pm were irradiated so that irradiated ions can 
penetrate through the crystal. The irradiation dose is counted by the dose-equivalent magnetic field called “matching 
field”, where each defect is occupied by single vortex 
 
B)= n)0,         (1) 
 
where n is the area density of the defects and )0 is a flux quantum. In our experiments, samples with B)= 10, 20, 40, 
80, and 160 kG were used. Magnetization of the crystal was measured by a commercial SQUID magnetometer 
(MPMS-XL5, Quantum Design).  
3. Results and discussion 
Fig. 1. Temperature dependence of ZFC and FC magnetizations along c-axis at 5-30 Oe in Au irradiated (Ba0.6K0.4)Fe2As2 single crystals 
 
Figure 1 shows the temperature dependence of zero-field cooled (ZFC) and field-cooled (FC) magnetizations along 
c-axis at 5-30 Oe. The transition temperature, Tc, of the pristine sample is 38.6 K, and those of irradiated samples 
with B)=10, 20, 40, 80 kG are just slightly lower than that of the pristine sample. It is believed that correlated 
columnar defects which are perfectly introduced do not suppress Tc, and it accounts for that the very weak effect on 
Tc of the sample with B) <80 kG. This is in contrast with 2.6 GeV U irradiated Co-doped BaFe2As2 [5]. In Ref. 5, 
Tc of samples with even lower matching field was suppressed apparently, which may originate from stronger stain 
fields around the created columnar defects. Alternatively, secondary electrons created in the process of interaction 
between the energetic ions and the sample may have created point defects which suppress Tc [10] However, Tc of the 
sample with B)= 160 and 320 kG is 36.6 and 36.0 K respectively, where Tc is suppressed more than 2 K. It can be 
conjectured that the defects introduced by 320 MeV Au irradiation overlap even at B)= 160 kG and that distributes 
the suppression of Tc. Figure 2 shows the temperature dependence of magnetization hysteresis loops of the pristine 
and irradiated samples with several matching field of B)= 20, 40, and 80 kG. At higher temperatures, dip structures 
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near zero field are clearly observed in samples with B)= 40 kG and 80 kG, and the size of the dip becomes deeper 
in sample with  
higher matching fields. Similar dip structures have been reported in our previous report in the case of 2.6 GeV U 
irradiation [5]. It can be explained that as vortices are curved by the effect of self-field, columnar defects are no 
longer effective to pin vortices near zero field. We note that the peak near zero field becomes smaller with 
increasing the matching field but still remains, while it vanished in Co-doped BaFe2As2 irradiated by 2.6 GeV U 
ions with B)= 80 kG and 160 kG [5]. It can be assumed that the magnetization near zero field is the sum of the peak 
effect and the dip structure effect. However, since the dominant condition to control the peak is still not clear, 
further study about this summation of magnetization near zero field is necessary. From the magnetization hysteresis 
loop, critical current density Jc [A/cm2] can be calculated by using the Bean model 
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where 'M [emu/cc] is Mdown - Mup, Mup and Mdown are the magnetization when sweeping fields up and down 
respectively, and a [cm] and b [cm] are the sample width with a < b. Figure 3 shows that Jc at 2 K under self-field is 
strongly enhanced from 1.3 MA/cm2 in the pristine sample up to 15 MA/cm2 with B) = 40 kG irradiated sample, 
which is 10 times larger than that of the pristine sample. This value is also 3 times larger than that of 
Ba(Fe0.93Co0.07)2As2 irradiated by 200 MeV Au with B) = 20 kG [4]. The stronger enhancement in the present 
system may be accounted for by higher energy irradiation that 320 MeV Au ions irradiation created more  
 Fig. 2. Field dependence of magnetization in 320 MeV Au irradiated (Ba0.6K0.4)Fe2As2 with matching field (a) 0 kG, (b) 20 kG, (c) 40 kG, and 
(d) 80 kG. 
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Fig.3. Magnetic field dependence of Jc at 2 K in (Ba0.6K0.4)Fe2As2 with several matching fields. 
 
continuous columnar defects than those of 200 MeV Au ions. 
    Finally, we note that the field dependence of Jc in the power-law rigion changed from ~H-0.5 in the pristine sample 
to  ~H-1 in the sample with B) = 20 kG. The dependence of  ~H-0.5 is described by the strong point pinning that each 
single vortex is pinned by a sparce point defect [10], and ~H-1 is thought to be the situtation when single vortex is 
pinned by a columnar defect. This change of field dependence is the strong evidence that effective columnar defects 
were introduced by the irradiation of 320 MeV Au ions. 
4. Summary  
In summary, we have reported the effect of columnar defects introduced by 320 MeV Au irradiation in 
(Ba0.6K0.4)Fe2As2 single crystals. We found a very weak suppression of Tc at lower matching fields and larger 
suppression at higher matching fields, which is explained by the overlapping of introduced defects. Critical current 
density Jc is strongly enhanced due to the introduced defects, as much as 10 times larger than the pristine sample. 
The field dependence of Jc is changed from~H-0.5 to ~H-1, which indicates that columnar defects are effectively 
introduced to the sample by the irradiation of 320 MeV Au ions. 
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